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Most previous split anode calorimetry research has applied high weld currents which exhibit
pseudo Gaussian distributions of arc current and power density. In this paper we investigate
low current arcs and show that both the current and power distributions have minima in the
centre – varying significantly from the expected Gaussian profile. This was postulated due to
the formation of the arc with the copper anode and the tungsten cathode. Furthermore, a
number of parameters were varied including the step size between measurements, anode
thickness and anode surface condition as well as cathode type and tip geometry. The step
size between measurements significantly influenced the distribution profile and the anode
thickness needed to be above 7 mm to obtain consistent results.
Keywords: Split anode; Weld calorimetry; GTAW; Arc energy; Current density; Power
density, Electrode
1 Introduction
Low current gas tungsten arc welding (GTAW) operations often experience weld pool
instabilities when joining thin sheet metal1. Understanding these phenomena is important to
improve the welding process control and applicability1, 2, and many investigations have
focussed on the physical mechanisms3, 4. Previous research has focussed on the current and
power density distributions with weld currents >100 ampere arcs involving different
experimental techniques such as spectroscopy5-13, non-invasive laser-scattering2, 14-16, arc
pressure measurement17-20, Langmuir probe21, 22 and split anode calorimetry for GTAW2, 4, 14,
15, 23-27 and Plasma Arc Welding28. In addition, numerical modelling has been extensively used
to simulate gas shielded tungsten arcs and their interaction with the work piece e25, 29-38.
Spectroscopic methods, provide information on the arc energy distribution which is derived
from spectral analysis but has limitations for welding arc analysis9, 39. Applying two spatial
axes, a spectrum can be analysed quite precisely along its wavelength axis (x-axis); however,
spectral intensity related to the y-axis remains difficult to quantify39.
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2Even though suitable for welding arc analysis, the Langmuir probe technique can produce
uncertain results caused by the probe, traversing through and interacting with the arc
plasma21. Finally the pressure underneath the arc can be measured and correlated to arc
current density to provide valuable information on fusion depth phenomena18, 19. When
using this method, attention must be paid though to accurate preparation and handling of
the manometers used.
Therefore the split anode calorimeter is both the best method for measuring current and
power densities at the anode surface and is simple to implement. A schematic diagram of a
split anode calorimeter is shown in Figure 1. Instead of a work piece material which is
normally used for welding applications, two non-melting copper anodes are employed. As
the welding torch is traversed across the interface or split plane between the two anodes
the current flowing through each anode is measured. This may be multiplied by the arc
voltage to determine the electrical power into each anode.
1 Schematic diagram of split anode calorimeter.
Each anode is water cooled, and the difference, Δ  between inlet (TIN) and outlet flow
temperature (TOUT) allows the power,      being dissipated in each anode to be determined
from equation (1):
     =  ̇  ∆  (1)
Here  ̇ is the mass flow-rate of water and    is the specific heat capacity. Figure 2(a)
schematically shows how the arc plasma, assumed axisymmetric, is split between the two
anodes. Figure 2(b) plots the current flowing into the two anodes as the torch traverses the
interface. A plot of the temperature difference, Δ  and the corresponding calorimetric
power,      has a very similar shape.
32 a - Schematic arc plasma area split between the two anodes; b typical plot of the
current flux flowing into the two anodes.
Finally, the Abel Inversion is used to determine either the current density, or power density
via the electrical or calorimetric measurements and is implemented with equation (2):
 ( ) =  1
 




  is the particular radius where the density is being determined;
 "( ) is the second derivative of the variable whose density needs to be
determined, i.e. either the current or the power. This data is provided as a
function of the position, x;
 ( ) is the corresponding density of this variable as a function of the distance
from the electrode centre;
  is the arc radius or the starting point for the integration.
One of the advantages of the technique is there are two separate methods for calculating
the power density (electrical power and calorimetric power) which can be used to validate
each other. The technique was originally developed by Nestor23, 24, 40, and was subsequently
implemented by Schoeck and Eckert41, Tsai26, Tsai and Eagar42, Lu and Kou30, Tanaka et al.2, 15
and Ushio et al.27, who demonstrated that it provides reliable data for GTAW arcs.
The aforementioned studies demonstrated Gaussian-like current density profiles under most
conditions2, 15, 27, 43-45. There are however a few exceptions. In particular Nestor23 for high
current arcs found minima in the power and current density distribution along the arc
centreline when varying electrode to work piece distance (ETWD) and shielding gases.
Decreasing ETWD was shown to produce minima vs. longer arcs; whereas constricting the
arc, using a water cooled orifice, was observed to reduce the density minima and led to
more Gaussian-like current and power density distribution. Lu and Kou30 found distributions
generally steeper than Gaussian by developing a different statistical approach referred to as
“non-parametric minimization”. The authors state the Gaussian distribution is often a “poor
approximation” of the current and power densities of welding arcs. Nevertheless all
researchers agreed that the major factors influencing the density distribution were the arc
4length or arc voltage2, 23, 26, 42, current level2, 15, 23, 24, 26, 27, 30, 41-43, 45, anode voltage fall41,
ambient gas pressure23, electrode diameter, geometry and type2, 23, 24, 26, 27, 30, 42, and
shielding gas composition2, 23, 24, 26, 27, 42.
To the best knowledge of the authors none of the previous split anode studies have
investigated combinatory effects of low currents, step size used for the data acquisition,
thickness of the anode, effects of anode surface oxidation or tungsten electrode geometry
and type. Therefore this study seeks to understand how each of the above factors influence
the current and power density distributions measured with the calorimeter.
2 Methodology
Figure 1 schematically shows the design of the calorimeter whose base was constructed of
temperature resistant glass fibre reinforced polyamide. A cooling channel was machined into
the calorimeter body, being mechanically joined to an insulating sheet of Synthetic Resin
Bonded Paper (SRBP) and rigidly fixed to a metallic gantry equipped with hardware for
connecting the data acquisition system and thermocouples. The calorimeter was equipped
with two precisely machined (80 mm x 62 mm) oxygen-free copper anodes which had
thicknesses of either 3, 7, or 12 mm. The gap between the anodes was set using heat and
electrical resistant polyimide film (DuPont® KAPTON® HN ’3 mil’) which consistently
provided a uniform gap width of 75 μm. Prior to every experiment the anodes were 
prepared by manual longitudinal wet-grinding with 500-grit abrasive paper.
Subsequently ’Scotch-Brite®’ scouring pads were used for longitudinal polishing, achieving a
smooth surface structure and to remove any oxides that formed during previous
experiments.
A GTAW power source (Fronius Magic Wave 2200) equipped with a cooling unit (Fronius FK
2200) and water cooled torch (Fronius TTW 3000a F/F++/UD/4m) was used for the
experiments. To achieve sound gas shielding a large internal diameter nozzle (ø 19.0 mm)
with a gas lens was used. Most experiments used a 2% Ce(IV)-oxide (CeO2) doped electrode
type (WC20) which had a diameter of 2.4 mm with a vertex angle of 36°. An electrode to
work piece distance of 3.0 mm and an electrode extension from the shielding gas nozzle exit
of 6.0 mm were kept constant throughout all experiments. The shielding gas was argon
(purity 99.996%) with 7.0 l min-1 flow-rate.
Since very accurate positioning of the torch relative to the anodes was desired; an ‘IAI RCA 2
SA3C’ high precision linear actuator was used with a repeat accuracy of 0.05 mm. A 20
channel multiplexer data acquisition system (Type: Agilent 34790a) was employed. The
equipment operated in the following way:
• The manipulator positioned the torch.
• A delay time of 10 seconds was applied before any data collection occurred. This was
done to allow the system to stabilise – particularly the water inlet and outlet
temperatures.
• The data logger was then triggered and 5 measurements were taken with a delay of 1
second between each measurement.
• A second delay of 0.5 seconds was applied before the manipulator moved the torch
to the next position. Increment sizes of 0.1, 0.2 and 0.5 mm were investigated in this
study.
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6The experimental matrix is shown in Table 1. The effects of increment; anode thickness;

























Surface 3.0 0.2 50 Oxidisedsurface
Electrode
Geometry 12.0 0.2 50
Truncated tip,
see Figure 3 (b)
Electrode




Table 1 Parameters used for the split anode experiments.
Figure 3(a) shows the calorimeter setup and Figure 3(b) depicts the truncated electrode
design. Two measurements were conducted for each condition. Due to the small increments
and number of samples collected, each measurement took about 22 minutes for the larger
step; approaching 45 minutes for the smallest increment size.
The results were processed with ‘Microsoft Excel®’. The derivative of the measured data
F’(x) was determined numerically with Lagrange’s five-point formula according to equation
(3):
  
 ( ) = 112∆  (   − 8   + 8   −   ) (3)
where Δ  is the increment size, and    is the raw data at a particular position,  . The five
point formula was used to help smooth out noise. Additional smoothing was applied by
calculating the average of four values of the derivative	  
 ( ). This procedure (with
smoothing) was applied twice to obtain the second derivative.
73 a - Photo showing the experimental setup; b truncated electrode tip.
3 Results
3.1 Anode characteristics
Figure 4(a) shows the raw data of the current vs. position for the different increment sizes
for 7 mm anode thickness. In addition it shows the second derivative of this data. Although
the raw data was similar for the three increment sizes, there is clearly a large difference in
the second derivative which affected the calculation of the current density from the Abel
inversion in Figure 4(b).
4 Plots showing the effect of the manipulator increment: a - Raw data for anode 1
showing current and second derivative of current vs. position; b corresponding current
density distribution for 50 ampere nominal weld current and an anode thickness of 7 mm.
When using the large step size the power intensity approached a Gaussian curve, while the
smaller step sizes indicated that the maximum occurred away from the centreline. Therefore
the increment size has a significant effect on the profile for this current level.
The effect of the anode thickness on the current density for the 100 ampere nominal
currents is shown in Figure 5(a). The values for the 7 mm and 12 mm thickness anodes were
very similar while the values for the 3 mm were significantly different. Overheating effects
were observed with the 3 mm anode and 100 ampere nominal current due to the poorer
thermal dissipation with the thinner material. Therefore the temperature of the anode
appears to have had a significant effect on the current intensity profile. At lower currents all
anode thicknesses gave very similar results.
a) b)
85 a - Current density as a function of the anode thickness for a welding current of 100
ampere; b the surface condition for a nominal current of 50 ampere.
A plot showing the effect of the anode surface condition is shown in Figure 5(b). This
demonstrates how the presence of the surface oxide resulted in a narrower arc with a higher
intensity in the centre.
3.2 Effects of welding parameters
A plot of the current density as a function of the welding current is shown in Figure 6(a) and
the corresponding plots of the power densities which are calculated from the welding power
input and the calorimeter power input are shown in Figure 6(b). Collectively these figures
illustrate how increasing the current widens the arc while the current and power densities
remain quite similar. In addition, the shape of the power density from the weld power input
and the calorimeter were very similar providing confidence in both measurements and
adding validity to the minima observed in the centre of the 50 ampere arc. Process efficiency
defined as the ratio of calorimetric power over electrical power was found to be 0.81 (50
ampere); 0.82 (75 ampere) and 0.8 (100 ampere) and is similar to values reported by
Stenbacka46.
Finally, the results for the three electrode types are shown in Figure 6(c). Like the oxidised
anode surface condition this also has a significant impact on the current distribution, with
the current density being concentrated at the centre of the arc for the truncated cone and
being fairly wide and flat for pure tungsten. Additionally we could observe cathode tip
changes after welding. For example Figure 6(d) shows the electrode tip after applying 50
ampere weld current for ~ 1.32 x 10³ seconds.
a) b)
a) b)
96 Plots showing the effect of the welding current on a current density; b power
density from welding power supply and calorimeter; c effect of cathode geometry and
composition on current density and d cathode tip after welding. Note: anode thickness for
all plots was 12.0 mm.
4 Discussion
Our results on the effect of the increment in Figure 4 demonstrate that large increment sizes
(0.5 mm) lead to a current density profile that approaches a Gaussian shape and thereby
confirms results achieved by Tanaka et al.2, Tsai26, Tsai and Eagar42, Ushio et al.27. However,
the current density with smaller increments is clearly different and demonstrates that this is
an important parameter when undertaking split anode measurements. The increment size
needs to be sufficiently small to capture the detailed shape of the density distribution being
investigated. However, the smaller the increment size, the more susceptible the data is to
noise in the measurements due to the calculation of the second derivative. This is evident in
the data for the 0.1 mm increment and its corresponding derivative in Figure 4(a). While
second derivatives for the 0.2 and 0.5 mm increments are symmetric about the centreline,
the data for the 0.1 mm increment is not, suggesting that it is more likely to be subject to
noise or other effects. This is why the 0.2 mm increment was used for all the subsequent
studies.
The minima in the current and power densities around the centre of the arc with low
currents is an interesting finding. Heberlein and Pfender47, spectroscopically investigating
the anode boundary layer of a 100 ampere atmospheric pressure argon arc have found the
electron density maxima shifted ~ 1.5 mm away from the cathode centre. Tanaka et al.2,
provided results which, in part, also showed that there was a current density maximum close
to, but not exactly at the arc centre – although plotted a line of best fit that used a Gaussian-
like profile. Lu et al.32 have numerically modelled a non-Gaussian distribution, showing a
distinct heat flux drop at, but a density peak shifted ~ 1 mm away from the arc centre.
Therefore our results support findings which have been reported elsewhere, although their
significance was not highlighted.
The Abel inversion approach is particularly sensitive to experimental error and/or noise, due
to the double differentiation of the measured data26, 47. Appropriate smoothing,
recommended by Tsai26 was used to overcome this, however, checks were done to ensure
that the overall result is not affected by this smoothing procedure. Figure 7(a) shows the
difference between the smoothed and unsmoothed data for the 50 ampere arc. This shows
how the data refinement process used throughout this study has reduced the noise (and




According to the results from Richardson48, consistent anode surface conditions were found
essential for achieving reproducible measurements. Work piece imperfections can interfere
with the measurements, particularly with low current arcs. While crossing the anode gap the
arc can stick to the hot (and possibly slightly oxidised) anode before jumping across to the
new anode. This phenomenon, reported elsewhere and called pinning48, can influence
measurement output and calculated results. No deflection (“arc pinning”) was visually
observed throughout our experiments. To confirm this, Figure 7(b) compares the plots of the
arc intensity from the two anodes and shows that while not identical, they are remarkably
similar and both show the off-axis peak. Nevertheless future work will further improve the
anode surface quality (machine polishing) and implement a high definition rate camera to
optically evaluate any arc disturbance at the splitting interface for assuring meaningful data
and to confirm our present findings.
Our results showed the current and power density maximum away from the arc axis
disappeared with increasing current, simultaneously joined by widening the anode spot. The
latter supports the work of Tanaka and Ushio14 who stated that the arc current level
significantly influences the heat transfer conditions via the anode boundary layer. Compared
with the 50 ampere arc, doubling the nominal current led to a more Gaussian-like
distribution profile. Although Lu et al.32 calculated heat flux minima at the arc centre, their
simulation nonetheless showed the peaks even for their 200 ampere arc model, which
would contradict the suggested maxima dissipation with increasing current. However, the
authors used a different cathode diameter; electrode vertex angle; ETWD and gas flow-rate
for their model compared to our experimental conditions.
One possible reason for the off-axis maxima is the way the arc is formed between the
electrode and the anode. Ushio et al.3 observed reduced dopant concentration levels near
the tip of ThO2, La2O3, and Y2O3 doped tungsten electrodes but not CeO2. Cerium-oxide
doped electrodes were used for this study. Dopant depletion in this region may result in an
arc being created with the sides of the electrode – which have a lower work function –
rather than the tip as shown in Figure 8. This would create the off-axis maxima observed in
the experiments. It is not clear why this effect is lost with higher currents. We assume
however higher currents to cause a more uniform temperature profile throughout the
cathode tip cross section which may promote the diffusion of dopant elements from the
inner cathode to its surface. This again may lead to a more Gaussian-like density distribution
profile.
The oxidised anode surface results confirmed the findings from Fihey and Simoneau1 who
proposed that elements with high electron affinity (e.g. oxygen) form negative ions which
constrict the anode spot and increase penetration depth. The authors1 varied the amount of
oxygen in the shielding gas and measured higher arc voltage with rising the oxygen content.
Although this arc voltage increase with an oxidised surface was not found in our
investigations, our calculations showed an arc plasma constriction and increased current
density towards the arc axis; which would affect the penetration profile in regular GTAW
(melting anodes) as claimed by Majetich and Yeo49.
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7 a - Current density distribution before and after smoothing and b comparison of the
current density from the two anode halves. Both are for a 50 ampere welding arc.
Our findings on cathode tip truncation contradict the work from Bernáth et al.50 who have
not found measurable variations in the plasma shape of gas tungsten arcs when applying
either a pointed or tapered cathode. However, we suggest our results are confirmed by
Sadek et al.51 and Key52, who stated that there are differences between pointed and
truncated electrode tips. Also Ushio et al.3 found differences by blunting the electrode tip
and attributed these to a variation of the current density near to the cathode which changed
the induced plasma flow impedance. This, in turn, changed the arc force acting on the anode
surface. Therefore we suggest that truncating the electrode may lead to changes in the arc
to work piece interaction and lead to differences in the real weld penetration profile, which
would confirm findings by Key52 and Kou53.
8 Schematic plot of current density distribution of a 50 ampere arc with off-axis
maximum depending on electrode tip dopant depletion. Note. Right half of the schematic
tungsten electrode depicted is taken from the real photographic image (Fig. 6 d).
5 Conclusions
From the investigations conducted we can draw the following conclusions:
1. The split anode calorimeter used is suitable for obtaining reliable data from low
current GTAW arc measurements.
2. The increment size for traversing the arc across the anodes has a significant impact
on the calculated current density distributions.
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3. The smallest increment size (0.1 mm) was subjected to greater noise when
calculating the second derivative and showed a very distinct final density plot with a
significant density maximum away from the arc axis.
4. The largest increment (0.5 mm) was found to approach a Gaussian density profile,
which has been reported by other researchers.
5. Increasing the weld current widens the anode spot diameter, causes the density peak
away from the arc centre to disappear and results in a Gaussian-like distribution
profile.
6. Oxidised anode surfaces resulted in arc constriction with significantly increased
current density close to the arc centre.
7. Truncated cathode tips led to a higher current density close to the arc axis.
8. Pure tungsten showed the flattest current density profile vs. CeO2-doped tungsten
cathodes.
9. Electrode dopant depletion may explain the minima found in the arc centre current
and power density distribution.
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